We have tested the hypothesis that the flavivirus nonstructural protein NS3 is a viral proteinase that generates the termini of several nonstructural proteins by using an efficient in vitro expression system and monospecific antisera directed against the nonstructural proteins NS2B and NS3. A series of cDNA constructs was transcribed by using T7 RNA polymerase, and the RNA was translated in reticulocyte lysates. The resulting protein patterns indicated that proteolytic processing occurred in vitro to generate NS2B and NS3. The amino termini of NS2B and NS3 produced in vitro were found to be the same as the termini of NS2B and NS3 isolated from infected cells. Deletion analysis of cDNA constructs localized the protease domain within NS3 to the first 184 amino acids but did not eliminate the possibility that sequences within NS2B were also required for proper cleavage. Kinetic analysis of processing events in vitro and experiments to examine the sensitivity of processing to dilution suggested that an intramolecular cleavage between NS2A and NS2B preceded an intramolecular cleavage between NS2B and NS3. The data from these expression experiments confirm that NS3 is the viral proteinase responsible for cleavage events generating the amino termini of NS2B and NS3 and presumably for cleavages generating the termini of NS4A and NS5 as well.
The dengue viruses belong to the Flaviviridae, a family of approximately 70 viruses, most of which are arthropod borne, which can be grouped into eight antigenic complexes (6, 7) . There are four serotypes of dengue virus, and all are involved in worldwide epidemics of increasing proportion (18, 24, 45) . Our laboratory has been working with the PR159 Si (candidate vaccine) strain of dengue virus type 2 (1, 2, 17, 27, 46) . The PR159 genome is a positive-stranded RNA molecule 10,712 nucleotides in length that is capped at the 5' terminus with a type 1 cap and has at the 3' terminus a uridine residue (11, 27, 53) . Translation begins at nucleotide 97 and continues for 10,173 bases to produce a 3,391-aminoacid polyprotein that is both co-and posttranslationally processed into at least 10 different polypeptides (47) .
Sequence analysis of flavivirus proteins and in vitro expression experiments have implicated host cell signalases in the amino-terminal processing of prM, E, and NS1 and possibly NS2A and NS4B (4, 9, 12, 19, 23, 35, 37, 44, 54) . These host cell signalases cleave on the carboxy-terminal side of hydrophobic leader sequences and function in the lumen of the endoplasmic reticulum (51) . On the other hand, the cleavages that generate the amino termini of NS2B, NS3, NS4A, and NS5, which follow two basic amino acids and occur in the cytosol, are believed to be due to a viral proteinase (39, 41) .
The short half-lives of polyprotein precursors in vivo combined with the poor fidelity of in vitro expression systems have made the study of flaviviral polyprotein processing difficult. Early experiments that translated genomic RNA in vitro did not produce detectable amounts of nonstructural proteins, and correct processing of structural proteins occurred only in the presence of exogenously supplied microsomal membranes (50, 52) . In vivo pulse-chase experiments that utilized amino acid analogs or starved cells prior * Corresponding author. to amino acid labeling enabled the detection of dengue virus-specific higher-molecular-weight proteins, but the lack of specific immune reagents and the inability to chase these putative precursors limited the experimental analysis (10, 38) . Recent studies utilizing improved expression systems have made progress in analyzing signalase-mediated cleavage events but have not addressed the cleavages that occur after dibasic amino acids (19, 35, 37, 44) .
Recently, two laboratories have proposed models predicting that the amino terminus of NS3 is a trypsin-like protease (3, 20) , on the basis of limited sequence similarity to cellular serine proteases and more extensive similarity to the protease domain of the capsid protein of the alphavirus Sindbis virus (25, 26) . These molecular modeling studies predict that His-51, Asp-75, and Ser-135 of NS3 form a classic serine protease catalytic triad and that the entire protease domain lies within the first 180 amino acids of this protein. The proteolytic activity of this NS3 enzyme is thought to be responsible for cleavages generating the amino termini of NS2B, NS3, NS4A, and NS5 and possibly the carboxy terminus of the capsid protein. To test this model, we have developed an efficient in vitro expression system for NS2B and NS3 and generated specific immune reagents reactive with these proteins. In this system, the processing events that generate the amino termini of NS2B and NS3 occur faithfully in vitro, mediated by the nonstructural protein NS3. By deletion analysis, the protease domain has been mapped to within the first 184 amino acids of NS3, and from the kinetics of cleavage we propose that an intramolecular cleavage between NS2A and NS2B precedes an intramolecular cleavage between NS2B and NS3.
MATERIALS AND METHODS
Construction of trpE fusions. cDNA clones of the PR159 strain of dengue virus type 2 were used for all plasmid constructions (27) . All plasmids were constructed by using standard recombinant DNA techniques and were purified on CsCl density gradients (34 per pul were programmed with in vitro-transcribed RNA at a concentration of 5 to 10,ug/ml. All translations were carried out at 30°C for 90 min unless otherwise noted.
Immunoprecipitation. The amount of antiserum necessary to quantitatively immunoprecipitate radiolabeled viral proteins from cell lysates and in vitro translation mixes was empirically determined. Labeled cell lysates were diluted fivefold with radioimmune precipitation (RIPA) buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 50 mM Tris hydrochloride, pH 7.5) prior to immunoprecipitation, and protein A agarose beads (Boehringer Mannheim) were used at a fivefold binding excess over immune sera (31) . After a 1-h incubation at room temperature, the immune complexes were washed twice with RIPA buffer containing 1 mg bovine serum albumin per ml and once with RIPA buffer lacking albumin. For immunoprecipitation of in vitro translations, reticulocyte lysates were diluted 25-fold in denaturing lysis buffer and heated to 70°C for 5 min prior to 5-fold dilution with RIPA buffer. Immunoprecipitated proteins were eluted by boiling in SDSloading buffer. Samples were analyzed by 15% SDS-PAGE, and gels were fluorographed at -80°C (8) .
Sequencing of viral proteins. Radiolabeled NS2B was prepared from infected BHK cell lysates by preparative immunoprecipitation. Cells (2 x When bacterial cultures harboring either pTNS3 or pTNS2 were induced and insoluble inclusion bodies were purified and analyzed by SDS-PAGE, fusion proteins of 51 and 54 kilodaltons (kDa), respectively, were found ( Fig. 2A) , indicating that the fusion proteins were stable when overexpressed. Fusion proteins were purified by preparative SDS-PAGE and used to inject two rabbits each. High-titer antiserum was usually obtained with three injections.
Denatured lysates of dengue virus-infected cells were analyzed by using antisera directed against pTNS2 and pTNS3 fusion proteins. Serum from a rabbit injected with the pTNS2 fusion protein immunoprecipitated a protein of approximately 14 kDa, identified as NS2B from its molecular size, immunoreactivity, and N-terminal sequence (see below), from infected but not from mock-infected cell lysates (Fig. 2B) , and the serum was therefore designated aNS2B serum. NS2B was immunoprecipitated from denatured but not from nondenatured lysates, implying that its immunoreactive epitopes are linear in nature or are masked in nondenatured lysates (data not shown). Since pTNS2 contains the last 19 amino acids of NS2A as well as the first 111 amino acids of NS2B (Table 1) , antiserum raised against the encoded fusion protein could theoretically have reacted with NS2A sequences. However, no NS2A protein (predicted size, 24 kDa) was detected when either denatured (Fig. 2B ) or nondenatured (data not shown) lysates were immunoprecipitated with otNS2B.
Serum from a rabbit injected with the pTNS3 fusion protein precipitated a polypeptide of 69 kDa, identified as NS3, from infected cell lysates (Fig. 2B ). In addition, three larger proteins (85, 93, and 130 kDa) were present in significant amounts in the immunoprecipitates. All four species were also immunoprecipitated by a polyvalent anti-dengue virus mouse hyperimmune ascitic fluid (Fig. 2B, lane HIS) .
The 93-kDa protein appears to be NS5, and the reason it should precipitate with the atNS3 antiserum is obscure. The size and reactivity of the 85-kDa protein are consistent with it being polyprotein NS34A. The identity of the 130-kDa species is unknown; it may be a polyprotein containing NS3.
Since pTNS3 encodes the last 8 amino acids of NS2B as well as the first 141 amino acids of NS3 (Table 1) (Fig. 2B) . Thus, with denatured lysates, the aNS2B and oaNS3 sera described here are essentially monospecific, and denatured lysates were used for all immunoprecipitations shown in the figures.
In vitro translation and processing kinetics. Processing of flavivirus nonstructural proteins occurs very rapidly in vivo, and viral polyproteins can be detected only in pulse-chase experiments under special labeling conditions (10) . However, it seemed likely that these processing events could be monitored upon translation in vitro. Our initial expression experiments used RNA transcripts of dengue virus type 2 cDNA clones that were not engineered to have specific 5' leader sequences or initiation codons in an appropriate context. Only low levels of protein synthesis were obtained in vitro, and variable amounts of specific (i.e., at the 5' methionine in the RNA) versus nonspecific (internal) initiation of translation were observed. Levels of expression were increased approximately fivefold by inserting the dengue virus 5' nontranslated region upstream of the region to be translated. The efficiency of translation was increased an additional two-to threefold when the reading frame of interest was fused to that of the dengue virus capsid protein, such that the mRNA translated had the authentic dengue virus type 2 leader and the initiation codon in the normal dengue virus context (data not shown). The yellow fever virus 5' nontranslated region has also been shown to enhance expression of heterologous coding sequences by reticulocyte lysates (43) .
The first construct tested for protease activity was pT10. RNA transcribed from this construct with T7 RNA polymerase was translated into a polyprotein (P2A2B3) containing the first 37 amino acids of the capsid protein, the C-terminal 118 amino acids of NS2A, all of NS2B, and most of NS3 ( Fig. 3; Table 2 ). Protein patterns resulting from different times of translation of this RNA in reticulocyte lysates are shown in Fig. 4A . A protein with the molecular mass predicted for the slightly truncated NS3 (P3) was produced (Fig. 4A) , showing that proteolytic processing had occurred in this in vitro system. Proteins with molecular masses predicted for the full-length (unprocessed) translated precursor P2A2B3 and for the processing intermediate P2B3 were also observed (Fig. 4A) .
Since preceded cleavage between P2A and NS2B, P2A2B rather than P2B3 would be produced. The potential precursor P2A2B was not observed by SDS-PAGE (Fig. 4A ) or by immunoprecipitation with xNS2B serum (see below), but P2B3 was readily detected as described above, suggesting that cleavage at the 2A/2B junction occurred first. The amounts and processing kinetics of P2B3 were also consistent with the view that it is the major intermediate in the processing pathway (see below).
Bands containing P2A2B3, P2B3, and P3 (Fig. 4A) were excised from the dried gel, solubilized, and assayed for radioactivity (Fig. 4B) . The translations were conducted by (14) . Thus, the kinetics of accumulation and processing exhibited two phases. All three species accumulated with similar half times during the first 30 min (synthesis phase). After 30 min of translation (postsynthesis phase), there was no further incorporation of label into newly synthesized protein. The label in the full-length P2A2B3 band remained constant between 30 and 90 min, indicating that these molecules were stable and were not processed, whereas P2B3 decayed with a half-life of 42 min and P3 accumulated at the same rate, suggesting a precursor-product relationship between these two species. The fact that P2A2B3 appeared to be processed rapidly in the first 30 min but appeared to be stable thereafter suggests that folding of this protein does not occur optimally during translation in reticulocyte lysates and that those molecules that fold correctly during the initial synthesis phase are processed rapidly, while misfolded molecules are processed slowly or not at all. The fraction of P2A2B3 that was processed varied from experiment to experiment, being sensitive to the lot of reticulocyte lysate used and to other unknown variables.
Cleavage of the dengue virus polyprotein in cis. Intermolecular (trans) cleavages exhibit second-order kinetics and are concentration dependent, whereas intramolecular (cis) cleavages are first order and concentration independent. To determine whether the cleavages at the dengue virus 2A/2B and 2B/3 sites were concentration dependent, we examined the protein products obtained upon translation of different amounts of input RNA, which effectively changes the concentration of the proteinase (Fig. 4C) . At the highest concentrations of RNA tested, the components of the translation system were limiting (29) and processing appeared to proceed more rapidly. At total incorporation appeared to increase between 25 and 90 min of translation and proportionately more label was present in a 46-kDa reticulocyte-specific band. However, the ratio of P2A2B3 to P3 after 90 min of translation at 30°C appeared to be independent of the concentration of input RNA (Fig. 4C) , suggesting that cleavage occurs in cis, although extremely efficient trans cleavage by the dengue virus proteinase cannot be ruled out.
We have used a second approach to examine whether the dengue virus polyprotein can be cleaved in trans. Polyproteins produced by pT13-and pT14-programmed translations contain an inactive protease, but the potential cleavage sites are intact (see below). These polyproteins were used as substrates for the active proteinase produced by a pT10-programmed translation, and no detectable cleavage of these polyproteins occurred (data not shown). The lack of detectable trans cleavage in these experiments is consistent with the results of the kinetic and dilution sensitivity experiments which suggested that cleavage occurred at the 2A/2B and 2B/3 junctions only in cis.
Deletion mapping of the dengue virus protease. On the basis of molecular modeling studies, both Bazan and Fletterick (3) and Gorbalenya et al. (21) have predicted the precise boundaries of the flavivirus protease domain. This predicted domain is illustrated schematically in Fig. 5 in relation to the dengue virus polyprotein. The entire domain is hypothesized to span the first 180 amino acids of NS3 (solid boxes) and to contain four subregions or boxes of homology with serine proteases, the first three of which contain the three elements of the catalytic triad and the fourth of which is involved in substrate binding. To test these predictions, we constructed a series of deletion constructs that together span the entire length of NS3 and that delete large regions of P2A and NS2B ( Fig. 5; Table 2 ); translation mixes were programmed with RNA transcribed from these constructs, and the resulting protein products were immunoprecipitated with aNS2B and cxNS3 sera and analyzed by SDS-PAGE (Fig. 6) .
Constructs pT10, pTll, and pT12 contain the entire proposed protease domain (Fig. 5) , and from these constructs polypeptides with the molecular masses and immunoreactivities of mature NS2B and of the truncated forms of NS3 (P3, P3', and P3") were detected (Fig. 6A) . In contrast, pT13-programmed translations did not produce any (truncated) NS3 or NS2B (Fig. 6B) , indicating that this deletion abolished activity, presumably by invading the protease domain (Fig. 5) . Thus, the protease domain encompasses a maximum of 184 amino acids at the N terminus of NS3. Polypeptides consistent in molecular mass and immune reactivity with a P2B3 processing intermediate could also be detected in pTlO-, pTll-, and pT12-programmed translations but not in pT13-programmed translations (Fig. 4 and 6) .
Translation of RNA transcribed from pT14 yielded a polypeptide which was consistent in molecular mass and immunoreactivity with that predicted for P2A2B'. Processing did not occur at the 2A/2B site. The location of the band and the amount expressed from pT14 were such that if this precursor had been present upon translation of RNA from constructs such as pT10, it would have been readily de- tected. This supports the earlier conclusions that P2A2B was never generated during processing in vitro.
To examine the N-terminal boundary of the protease domain, that is, whether sequences in P2A or NS2B are C. The structures of deletion clones are mapped below. The abbreviations for restriction sites used to generate deletion constructs are indicated as follows: A, Asel; P, PvuII; Sn, SnaBI; K, KpnI (Asp718); D, DraIll; S, Sall; As, AsulI; X, XhoI; and E, EcoRI. Cleavages at the 2A/2B or 2B/3 junctions are indicated by arrows. A detailed description of each construct is given in Table 2. required for proteolytic activity, we analyzed the in vitro translation patterns produced from two deletion constructs, pT15 and pT16, which together delete almost all the P2A and NS2B sequences. When pT15-programmed translations were fractionated by using aoNS2B, only low levels of immunoreactive species were observed upon overexposure of autoradiographs (Fig. 6B) . The molecular masses of these species were not consistent with correct processing at the 2A/2B or 2B/3 cleavage site. The low level of immunoreactivity suggests that the major antigenic epitopes recognized by aNS2B have been deleted in this construct. Upon precipitation with aNS3, a small amount of aberrantly processed P3' was detected. When pT16-programmed translations were immunoprecipitated and analyzed by SDS-PAGE, both oaNS2B-and aNS3-immunoreactive species of aberrant molecular mass could be detected. Since the 2A/2B cleavage site had been removed by this deletion, only cleavage at the 2B/3 boundary could be examined. Thus, it is unclear whether sequences in P2A or NS2B are required for proteolytic activity or whether the deletions induce misfolding of the molecule such that the correct cleavage sites are not recognized.
Sequencing of viral proteins. In order to confirm that the cleavage events observed in vitro occur at the same sites as those utilized in vivo and to confirm the identities of the proteins produced in vitro, we compared the amino-terminal amino acid sequences of NS2B and NS3 produced in vitro with those of proteins isolated from infected cell lysates (Fig.  7A ). This assignment is in agreement with data for other sequenced NS2B species (9, 48, 54) , on the basis of sequence homology.
In order to sequence NS2B produced in vitro, pTllprogrammed translations were immunoprecipitated with aNS2B. Approximately 85% of the NS2B immunoprecipitated was fully cleaved, and approximately 10% of the label was in P2B3', which is coterminal with mature NS2B and contributes to the observed NS2B signal (see below). The amino terminus of in vitro-produced NS2B was indistinguishable from that found in vivo (Fig. 7B) .
Sequencing of P3' labeled in vitro in pTll-programmed translations identified the amino-terminal residue of P3' as Ala-1476 of the dengue virus type 2 polyprotein (Fig. 7C) . Peaks of [3H]leucine at cycles 4 and 18 and of [3H]valine at cycles 3, 7, and 13 make this assignment unambiguous. This result agrees perfectly with the sequence of NS3 isolated from dengue virus type 2-infected cells (4) . The P3' results are also of interest because the cleavage which produces the amino terminus of dengue virus type 2 NS3 is unique in that it appears to occur after a single basic amino acid; the cleavages to produce NS3 in all other sequenced flaviviruses occur after dibasic residues. The fact that the amino terminus of P3' produced in vitro is the same as that of NS3 isolated from infected cells suggests that the dengue virus 2B/3 cleavage site is in fact different and that the observed terminus of NS3 does not arise from cleavage at an upstream disintegrations per minute observed in the first sequencing cycle of immunoaffinity-purified NS2B (both in vivo and in vitro) is not consistent with the deduced sequence of NS2B and is presumably contributed by contaminants which coprecipitate with NS2B. The single-letter amino acid code used is as follows: A, alanine; C, cysteine; D, aspartate; E, glutamate; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; and Y, tyrosine. site characterized by dibasic residues followed by aminoterminal nibbling (4) .
In order to define further the specificity of cleavage events and definitively identify processing intermediates, the putative P2B3' was isolated from pTll-programmed translations by preparative SDS-PAGE and sequenced. Peaks of 35S were observed at positions 9 and 13, aligning this species perfectly with the amino terminus of NS2B and confirming the previous identification based on gel mobility and immunoreactivity (Fig. 7D) (29) . Differences in the rate of translation and in the association of membranes with processing intermediates could also influence the observed rate of cleavage in vivo.
Cleavage at the 2A/2B and 2B/3 junctions in vitro proceeds with the same specificity as that found in vivo. Translation products are cleaved at the correct sites of cleavage, and nonspecific cleavage is rarely observed. While the kinetics of cleavage in vitro are much slower than those observed in vivo, it is highly probable that the fidelity and order of in vitro cleavage are a true reflection of in vivo processing. The use of improved expression systems and in vitro mutagenesis of cleavage sites will be useful in establishing whether the order of cleavage observed is obligatory or whether it simply represents the kinetically favored order.
Testing the flavivirus protease model. Positive identification of NS3 as a flavivirus proteinase will stimulate research on the nature of the catalytic and substrate recognition residues involved in proteolysis. The specific predictions as to which histidine, aspartate, and serine residues form the catalytic triad are testable through site-specific mutagenesis, and mutants which are catalytically active in vitro can be tested for biological activity in vivo through the use of infectious cDNA clones (40) . NS3 shares the greatest amount of sequence similarity with the Sindbis virus capsid protein protease domain, and site-directed mutagenesis of IwpLneaiMavgMvsiLassLLkn VOL. 64, 1990 the NS3 protease domain will be greatly assisted by molecular modeling studies once the coordinates of the Sindbis capsid protein become available (5) .
Four specific predictions of the protease model were addressed by experiments presented here (3, 21) . Our experimental results are consistent with the predictions that the protease domain consists of approximately 180 amino acids at the N terminus of NS3 and could retain function when severed from the remainder of NS3, which forms a putative helicase domain. However, our results are not consistent with the prediction that an internal conserved cleavage site in NS3 is utilized to separate the helicase and protease domains or the prediction that cleavage of the flavivirus polyprotein by NS3 is an ATP-dependent process. The antiserum used in our experiments was directed specifically against the protease domain, and therefore any internal cleavage of NS3 in vitro or in vivo should have been detected. Proteolysis occurred even in those cases in which the helicase domain had been deleted, making it unlikely that hydrolysis of ATP is absolutely required for proteolysis, although the possibility that it has an effect in vivo has not been eliminated.
The presence of protease and helicase domains within a single viral protein is a common structural motif found in alphavirus, pestivirus, potyvirus, and coronavirus proteins as well as flaviviruses (22) . The primary function of a viral proteinase is to posttranslationally regulate the production of individual gene products from a polyprotein precursor. The viral proteinase can also produce processing intermediates which may themselves be functional components of the viral life cycle. The choice between emphasizing proteinase function and emphasizing helicase function would depend on the specific needs of the virus at that point in the life cycle. It appears likely that the main function of mature NS3 is as a helicase, since the initial cleavages releasing NS2B and NS3 most likely occur in cis and mature NS3 does not appear to work efficiently in trans.
Implications for dengue virus polyprotein processing. A number of viral proteinases function both in cis and in trans to cleave polyproteins in vivo (32) . Like other proteinases of positive-stranded RNA viruses, NS3 may also function both in cis and in trans. The amino terminus of NS4B is believed to be generated by a signalase cleavage event which presumably occurs cotranslationally upon insertion of the hydrophobic tail of NS4A into the lumen of the endoplasmic reticulum (9, 48) . Once this event occurs, the dengue virus polyprotein backbone is severed, and by definition, any processing events that occur downstream of this scission must occur in trans, and if NS3 is the proteinase responsible for cleavage at the 4B/5 boundary then it must cleave in trans.
Processing events consistent with scission at the 3/4A junction are observable in vitro (F. Preugschat, unpublished data), and putative NS34A intermediates can be detected in vivo (Fig. 2B) . This implies that the kinetics of 3/4A cleavage are slower than the kinetics of 2A/2B and 2B/3 cleavage. It is possible that NS34A is a precursor that is restricted to the plane of the endoplasmic reticulum by a carboxy-terminal membrane-spanning segment and that this is the form of proteinase that is responsible for trans cleavage at the 4B/5 junction. By restricting the proteinase to the plane of the endoplasmic reticulum, the concentration dependence of the trans cleavage step would be reduced and result in rapid kinetics of cleavage in infected cells.
The flavivirus capsid protein undergoes a complex twostep maturation process in infected cells. As the carboxy terminus of the capsid protein is translated, it acts as a membrane insertion sequence for a cotranslational signalasemediated cleavage that generates the amino terminus of the prM protein. Nascent intracellular capsid protein possesses a C-terminal membrane-spanning segment that is cleaved prior to assembly of the virion (37) . This cleavage event occurs on the carboxy-terminal side of several basic residues and could be potentially mediated in trans by NS3. The initial signalase-mediated cleavage can be observed by using an in vitro translation system, but the secondary maturation cleavage that removes the membrane insertion sequence has not been observed in vitro (37, 44) . By using an in vitro expression system designed to analyze cleavages at the 3/4A, 4B/5, and C/prM junctions, it should be possible to reconstruct the flaviviral protein-processing pathway by using the experimental approaches described in this paper.
